Background Robotic surgical platforms have seen increased use among minimally invasive gastrointestinal surgeons (von Fraunhofer et al. in J Biomed Mater Res 19(5):595-600, 1985. doi:10.1002/jbm.820190511). However, these systems still suffer from lack of haptic feedback, which results in exertion of excessive force, often leading to suture failures (Barbash et al. in Ann Surg 259(1):1-6, 2014. doi:10.1097/SLA.0b013e3182a5c8b8). This work catalogs tensile strength and failure load among commonly used sutures in an effort to prevent robotic surgical consoles from exceeding identified thresholds. Trials were thus conducted on common sutures varying in material type, gauge size, rate of pulling force, and method of applied force. Methods Polydioxanone, Silk, Vicryl, and Prolene, gauges 5-0 to 1-0, were pulled till failure using a commercial mechanical testing system. 2-0 and 3-0 sutures were further tested for the effect of pull rate on failure load at rates of 50, 200, and 400 mm/min. 3-0 sutures were also pulled till failure using a da Vinci robotic surgical system in unlooped, looped, and at the needle body arrangements. Results Generally, Vicryl and PDS sutures had the highest mechanical strength (47-179 kN/cm 2 ), while Silk had the lowest (40-106 kN/cm 2 ). Larger diameter sutures withstand higher total force, but finer gauges consistently show higher force per unit area. The difference between material types becomes increasingly significant as the diameters decrease. Comparisons of identical suture materials and gauges show 27-50% improvement in the tensile strength over data obtained in 1985 (Ballantyne in Surg Endosc Other Interv Tech 16(10): 1389-1402, 2002. doi:10.1007/ s00464-001-8283-7). No significant differences were observed when sutures were pulled at different rates. Reduction in suture strength appeared to be strongly affected by the technique used to manipulate the suture. Conclusions Availability of suture tensile strength and failure load data will help define software safety protocols for alerting a surgeon prior to suture failure during robotic surgery. Awareness of suture strength weakening with direct instrument manipulation may lead to the development of better techniques to further reduce intraoperative suture breakage.
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Keywords Robotic surgery Á Suture Á Surgical platform Á Force sensor Á Suture tensile strength Á Da Vinci Since their introduction in 1985 and first FDA approval in 2000, teleoperated robotic surgical systems have gradually gained popularity [2] . The additional degrees of freedom and ability to scale down distractive motion have simplified many previously challenging minimally invasive operations [3] [4] [5] [6] [7] . Today, Intuitive Surgical's da Vinci system is used to perform over 250,000 surgeries per year [8] . Despite obvious advantages, these systems still suffer from lack of a comprehensive haptic feedback solution. This limitation combined with the ability of the robot to generate strong forces at the tip of laparoscopic instruments has introduced a variety of issues such as tissue scaring and excessive suture breakage [9] [10] [11] [12] [13] [14] [15] [16] [17] . Intraoperative suture failures can be costly as they result in & Ahmad Abiri aabiri@ucla.edu surgical delays, while postoperative failures could require revisions or create major complications for the patient. The growing popularity of robotic surgery as an option for gastrointestinal procedures, requiring vast amounts of intracorporeal suturing and knot tying, has resulted in a higher incidence of suture failures, occurring frequently enough to merit reference [15, 16, 18, 19] . There is therefore a need for the development of technologies that can provide warning prior to suture breakage or potentially even prevent breakage by introducing software barriers and virtual walls at fractions of the ultimate breaking force of the suture. In the past, attempts have been made to address intraoperative suture failure by visually estimating and then displaying the strain on the suture [20] . However, these systems are limited by the quality of the available image because they rely on changes in the shape of specially marked sutures and visual processing to determine the strain. Other approaches such as grasper mounted shear sensors are also under investigation and can ultimately provide accurate real-time data regarding the state of the suture [21] . Despite previous research on suture tensile strength, the limited availability of more recent data on failure loads of commonly used sutures has prevented the development of warning systems that can accurately predict and prevent suture breakage before it occurs [1, [22] [23] [24] [25] . More specifically, we are interested in the failure load of sutures under conditions that occur during manipulation of sutures with robotic instruments. Identification of tensile strength data for commonly used sutures is a major step to developing any kind of warning system. Additionally, availability of these data can help improve the selection of proper suture type and gauge for procedures. In order to properly measure and characterize the suture's failure load, it is important to consider the various material properties as well as the strain conditions that occur during surgery. A suture's mechanical strength is both a fundamental material property and a function of gauge (i.e., filament diameter). In addition to the suture's mechanical characteristics, other factors can also affect the breaking force of a suture in a robotic surgical operation. These factors include the way the suture is held, physical characteristics of the instrument holding the suture, and even the rate at which the tension is increased (the rate in which the suture is pulled). The most commonly used sutures will be used to determine suture behavior under various conditions and the thresholds for suture breakage in robotic surgical operations.
Materials and methods
In this study, we focused on evaluating Prolene, polydioxanone (PDS), Silk, and Vicryl because of their ubiquity in gastrointestinal surgeries with robotic surgical systems.
In order to evaluate the absolute tensile strength of the sutures, gauges 5-0 to 1-0 USP (United States Pharmacopeia) were studied. The cross-sectional area of the suture was calculated based on the suture gauge and used in tensile strength calculations. The sutures were pulled to failure/breakage using a high-precision Tytron system (Tytron, MTS Systems Corporation, Eden Prairie, MN, USA). The mounting mechanism of the suture was designed to be similar to how a robotic instrument holds on to a suture in surgery (Fig. 1) .
Sutures were held in place such that there is no slipping when sutures are pulled by the Tytron system. This was confirmed by monitoring the force-time plot and ensuring that the force constantly increased. In case of slippage, the trial was repeated. The metal pieces that hold on to the sutures were selected to be smooth and resemble a da Vinci Cadiere forceps rather than a micro-needle driver (which has diamond-shaped teeth). This is to avoid reduction in breaking force caused by micro-fractures in the suture material. This initial data set is therefore meant to observe a best-case scenario breaking force. The sutures were pulled at a constant rate of 50 mm/min until failure occurred (parameters from Fraunhofer et al. [1] ). For each suture and gauge combination, three trials were performed and the results were reported as a mean and standard deviation. The data were recorded in Newton (N) for failure loads kN/cm 2 for tensile strengths. During a robotic procedure, the rate at which a suture is pulled can vary depending on how the surgeon operates and the type of procedure. In order to determine the effect of rate on the failure load for sutures, sutures of gauges 2-0 and 3-0 were pulled to breakage using the Tytron system. The same mounting mechanism was used as in the previous experiments. Two different gauges were selected to determine whether the gauge had any significant effect on the failure load to extension rate relationship. For each sample (gauge/material combination), the suture was pulled at two different rates of 200 mm/min and 400 mm/ min (this is in addition to the 50 mm/min rate tested in the previous experiment). As before, for each sample, the experiments were repeated in triplicate, and the failure load was reported in Newton (N). In order to determine whether a significant difference exists between failure loads for any one of the samples (suture/gauge combination) at different pull rates, analysis of variance (ANOVA) test was performed. A p value of \0.05 was found to be statistically significant.
In a robotic surgical operation, a variety of instruments can be used to handle the sutures. These can include tools with grooves such as the fenestrated bipolar forceps and the micro-needle driver or tools with smooth surfaces such as the Cadiere forceps. The experiments performed with the Tytron system utilized a mounting mechanism that had a smooth surface. It is, however, possible for the suture material's structure to be weakened when held by tools that have non-smooth surfaces. In order to study how the failure load of the various samples was modified when in use by the da Vinci system, it was necessary to utilize a different failure load measuring system. This system relied on force measurements by a USSC Sutures Force Gauge (Fig. 2) .
In order to ensure consistency between data recorded by the Tytron system versus the data reported by the USSC system, the initial experiments were repeated for the Vicryl suture type of gauges 5-0 to 1-0. The USSC system was modified to include mounting mechanisms similar to the original Tytron system. On both ends, the suture samples were held between two smooth metal surfaces, which were directly connected to the USSC system using 3D printed support components (Fig. 3) . The sutures were pulled until breakage, and the data were reported in Newton (N). For each sample, experiments were performed in triplicate to produce a mean and standard deviation.
Sutures are often pulled differently during a surgical operation and using a variety of instruments. Results from previous studies show that instruments with grooves can damage a suture [15, 25] . Additionally, the way the suture is pulled can also affect the breaking force ( Table 4) . As the data from this study are meant to ultimately help in programming a suture-breakage warning system, it is necessary to identify the failure load under worst possible conditions. In order to determine the failure loads of the sutures when using actual robotic instruments, a da Vinci IS 1200 was used to pull sutures to breakage.
Measurements were taken using the USSC system. The USSC system was mounted on a table. One end of the suture was held between two smooth metal washers (similar to previous setups), while the other end was pulled using a micro-needle driver mounted on the da Vinci. The operator of the da Vinci would use the robot arm to pull the suture to breakage. To determine variations between suture materials when placed under stress by a micro-needle driver, all four suture materials were studied; however, the experiments were limited to only 3-0 gauge sutures. For each sample (material/gauge combination), three different methods were used to pull the suture: (1) unlooped: pull suture directly parallel to the plane of the table, (2) looped: turn grasper to wrap suture around the tip of the grasper once and then pull suture directly parallel to the table, and (3) needle: pull suture by holding on to the needle at the end of the suture. For each sample/method combination, experiments were performed in triplicate and a mean and standard deviation were reported. For statistical analysis and pair-wise comparison of sample groups, a Student t test was used with p \ 0.05 used to mark the threshold for significance (Appendix).
Results
The failure load and tensile strength of Vicryl, PDS, Prolene, and Silk when pulled using the Tytron system are reported in Table 1 . The mean and standard deviation for each sample (material/gauge combination) were reported in Fig. 1 A CAD depiction of robotic forceps, B robotic forceps holding on to a suture, collapsing the cylindrical structure of the suture, C mounting bracket for holding on to a suture using MTS Tytron, D suture held in place such that it mimics surgical forceps, E suture being pulled by MTS system [1] . Generally, the Vicryl and PDS sutures had the highest mechanical strength (ranging from 47 to 179 kN/cm 2 ), while Silk had the lowest (ranging from 40 to 106 kN/cm 2 ) (p \ 0.05). As expected, sutures with larger diameters can withstand higher loads (p \ 0.05); however, tensile strength and gauge appear to be indirectly related. In other words, sutures with finer gauges actually appear to be able to withstand a higher force per unit area (Table 1) . This is an interesting observation considering that tensile strength is a material property and independent of the cross-sectional area of the suture. Direct comparison of these data to the previous literature shows that there is a 27-50% improvement in the tensile strength over data obtained in 1985 [1] . The failure loads (N) of PDS, Silk, Vicryl, and Prolene 2-0 and 3-0 sutures were recorded when pulled at different rates using the Tytron system (Table 2) . For all materials, small variations exist between the failure loads at different rates (Fig. 4) . For most cases however, these variations were not statistically significant (''Appendix'' section Table 3 ), at least not within the range of rates that occur under robotic surgical conditions (p [ 0.05).
The failure loads of Vicryl sutures, gauges 5-0 to 0 USP, were also reported (Table 3 ) using the USSC system to identify variability between data recorded by the Tytron system versus data recorded using the USSC setup. Treating the high-precision Tytron system as the true failure load, the USSC system reported data with errors ranging from 2.45 to 7.67%.
The failure loads of PDS, Prolene, Vicryl, and Silk 3-0 gauge sutures were also reported when pulled using a micro-needle driver instrument on a da Vinci robotic surgical system (Table 4 ). In general, it was observed that pulling the suture thread with the micro-needle driver directly parallel to the plane of the table resulted in a lower failure load (Table 4) , ranging between 45 and 62% of the original failure load recorded by the Tytron system (Table 1) . Alternatively, if the suture was wrapped around the micro-needle driver's tip before pulling, then it consistently showed the ability to withstand higher loads. It is worth mentioning that due to high variability in failure loads of PDS and Prolene when pulled under this condition, statistical significance was not observed (''Appendix'' section Table 4 ). However, the presence of a trend seems to indicate that a higher number of samples would help in more clearly observing this difference (Table 4) . In both cases, the sutures failed closest to (or directly at) the point of contact with the micro-needle grasper. There was some variability between suture materials when pulled using the suture needle (holding on to the needle instead of the suture thread). Only Vicryl appeared to be able to withstand higher loads compared to the unlooped condition. The other three materials all showed that holding on to the needle instead of the suture thread results in the worst failure load values. In all of these cases, the suture failed at the swaged end (i.e., connection point) with the needle.
Discussion
The availability of tensile strength and failure load data is meant to ultimately guide the programming of a warning system for robotic surgical procedures. Such a warning system would detect forces at the grasper tip using mounted force sensors and trigger a warning to the surgeon as the forces approach the failure load of the suture being used, ultimately preventing suture breakage.
The data collected using the Tytron system assumed that the suture is held in place by two smooth surface metal plates. While this mounting mechanism is similar to the way sutures are held by robotic graspers, it does not precisely mirror the conditions that occur during surgery. Under normal surgical conditions, the suture is held on one end by a robotic grasper, which could either have smooth surfaces (as in our setup) or have teeth (e.g., micro-needle driver). The differences in failure loads between Tables 1  and 4 help in observing how these variations can change the failure load of the suture. Despite this fact, initial testing of sutures using a high-precision force measurement system was necessary to establish a best-case scenario suture failure load as well as identify patterns when using different materials and gauges.
The initial data clearly showed that Vicryl and PDS demonstrate the highest tensile strength as opposed to Silk, which is consistently weaker than the other materials (Table 1) . Perhaps the most interesting observation is the increasing tensile strength as diameter decreases. That is, sutures with smaller diameters are actually able to Another possibility is that the way a suture is pressed between two metal plates (e.g., da Vinci grasper) creates micro-fractures in the material [15] . In this case, one can imagine that the formation and rate of growth of these fractures may be reduced for sutures with smaller diameters. Fig. 4 Failure load of PDS, Prolene, Silk, and Vicryl, gauges 2-0 and 3-0, when pulled at different rates using Tytron system The initial data collected using the Tytron system (Table 1) are based on the assumption that the sutures are pulled at 50 mm/min, a relatively low rate that may not necessarily reflect the rate at which a surgeon pulls on a suture. Variations in the failure load are expected when the rate at which a suture is pulled is changed. This is due to the fact that crack propagation in the material can vary and therefore (may) cause the suture to break more quickly. In fact, one would expect that pulling the suture at a faster rate should increase the failure load because the amount of time available for the micro-fractures to grow at any constant force is reduced relative to the amount of time needed to reach higher loads.
The data we collected from pulling the sutures at significantly higher rates do not indicate a pattern that supports this hypothesis. That is, at least within the range of suture pulling rates that is commonly practiced in robotic surgery, it is not possible to conclude that higher rates correspond to higher failure loads. It is still worth mentioning that there is some variability in the failure loads, which must be taken into consideration when developing a suture warning system. Such a system must therefore be designed to provide feedback at a fraction of the suture's failure load in order to effectively reduce breakage during actual surgical operations.
In addition to the effect of pull rate on failure loads, another important factor that affects the suture failure load is the characteristics of the robotic instrument holding on to the suture. The micro-needle driver is often used for manipulating sutures with the da Vinci surgical system. Existing literature has previously investigated structural changes in the suture when manipulated by robotic instruments that contain teeth on the surface of the tip. These studies have shown that such structural changes can lead to reductions in failure load. The data collected by pulling the sutures with a micro-needle driver using a da Vinci surgical robot clearly support this [15] . The fact that the suture consistently breaks close to the edge of the micro-needle driver (\5 mm away from the edge) supports previous observations in the literature and this hypothesis [15] .
In addition to providing data for programming a robotic surgery warning system, the failure load and tensile strength data can also guide the selection and usage of sutures during robotic surgical operations. More importantly, the reduction in failure load when utilizing da Vinci instruments indicates that the way sutures are manipulated during surgery can have a significant effect on intraoperative and postoperative suture failures. We observed that in most cases, sutures were able to withstand higher loads when they were wrapped around the micro-needle grasper before being pulled. This fact, and the observation that sutures always broke at the point of contact of the suture thread and the grasper, further supports our previous assertion that the teeth on the tip of the micro-needle driver may be the primary reason for the reduction in suture strength. Of course, a more complete comparison of suture failure loads placed under tension with various robotic forceps is necessary to validate this hypothesis.
Additionally, for three of the fours materials tested, pulling the suture by holding on to the needle resulted in the lowest failure load values (Table 4) . Considering the variations between material properties of the sutures and the way the sutures are connected to the needle, this variability is expected. Regardless, it is clear that wrapping the suture around the micro-needle driver before pulling proved to be the most effective method and resulted in the smallest reduction in suture strength from previous Tytron testing. This approach reduces the forces in the direction perpendicular to the grooves in the grasper tip, therefore preventing the suture from easily tearing. While this technique may not be possible in traditional laparoscopic surgery, the additional degrees of freedom in robotic surgical systems make this approach feasible.
Overall, the availability of tensile strength and failure load data for commonly used sutures not only guides the programming of suture-breakage warning systems, but also provides awareness of the behavior of sutures when being held by robotic tools. The observation that failure load is strongly dependent on the technique used to pull the suture can have a major impact on how surgeons manipulate sutures during robotic surgery. Thus, the data shown may help reduce intraoperative and postoperative failures by guiding the selection of sutures and restricting manipulations known to cause suture weakening during gastrointestinal robotic procedures. Surg Endosc (2017) 31:3258-3270 3265 Table 6 Statistical analysis of Table 1 tensile 
